In 1990 the Schatz Energy Research Center (SERC) installed a PV array comprised of 192 ARCO M-75 modules. Prior to installation, Zoellick [lI carefully measured module performance and reported average peak power at normal operating cell temperature (NOCT) to be 39.88 W. which was 14.1% lower than the 46.4 W nameplate rating. For the past 11 years the array has been exposed to and employed in a cool, marine environment. Of the original 192 modules, 191 were recently tested in order to re-evaluate their performance.
INTRODUCTION

Background
In 1990 the Schatz Energy Research Center (SERC) installed a nominal 9.2 kWp photovoltaic (PV) array ( Figure 1 ) at Humboldt State University's (HSU) Telonicher Marine Laboratory in Trinidad. CA. The array is situated approximately 150 meters from the ocean in a cool, coastal environment, The PV system is an integral part of an ongoing solar hydrogen demonstration project. The primary function of the SERC array is to power an air compressor for HSU's marine laboratory. Excess power produced by the array is shunted to a Teledyne Energy ALTUSm 20 electrolyzer in order to produce hydrogen fuel for a proton exchange membrane (PEM) fuel cell.
Together, the PV array and the PEM fuel cell power the air compressor 24 hours a day using renewable solar energy.
Prior to initial installation in 1990, the performance of each of the 192 PV modules was measured 111. From these tests, current versus voltage (I-V) curves and performance parameters were determined for each of the modules. In the current research, each of the modules was retested in order to generate updated I-V curves and performance parameters. These new data were compared to the original 1990 data to determine the extent to which each module's power production had degraded over time. 
Description of PV array and modules
The SERC PV array consists of 192 photovoltaic modules configured into 12 independent subarrays tilted at 30" from the horizontal. Each subarray consists of 16 modules wired in 8 series pairs for 24 VDC operation. All modules were originally (I,,,,,) . Figure 2 shows what each of these parameters represents on an I-V curve. It was our intent to match the testing procedures applied by Zoellick [l] . Two aspects of the testing procedures differed: 1) Modules were retested in the array frame whereas Zoellick used a portable testing frame on which the pyranometer was also mounted. 2) The current research utilized a newer data acquisition system.
Data collection apparatus
The module I-V curve data were collected using a LabVIEWm 5.0-based program on a Powercomputing Powercenter 150 computer with a National Instruments PCI-MIO-16XE-50 data acquisition board installed. The board was connected to an Analog Devices 5801 16-channel backplane. The backplane was fitted with four 58 series signal conditioning modules. Data acquisition was set at 100 Hz.
Voltage and current signals from the PV modules were conditioned using Analog Devices 5840-02 isolated wideband millivolt input modules. Irradiance was measured using an Eppley PSP pyranometer at the same 30" tiit angle as the PV array. The pyranometer signal was conditioned using Analog Devices 5830-01 isolated millivolt input modules. Module temperature was measured using an Omega C o l -T fast response type-T thermocouple. The temperature signal was conditioned using an Analog Devices 5847-T-07 isolated linearized type-T thermocouple input module.
Module preparation
Before testing a subsection of the array, the cover glass of each of the modules in that subsection was cleaned in order to remove any residue that had accumulated. Individual modules were unbolted, and removed from the frame prior to testing. The module was then electrically disconnected from the remainder of the PV array and connected across the capacitive load test circuit in order to generate the I-V curve. To detennin6 the module operating temperature, the thermocouple was attached to the back of the module near the center. The module was then replaced into the array frame and allowed to return to a steady-state temperature before the I-V curve was measured.
Collection and standardization of I-V curve data Four parameters were measured and recorded during the I-V curve trace for each module: 1) module voltage, 2) module current, 3) module temperature, and 4) solar irradiance in the plane of the module. Two I-V curves were measured for each module. The individual currentlvoltage pairs of the I-V curve were then corrected to STC and NOCT using the same correction factors (Table 1) as those used by Zoellick [l] . The V , correction factors were used to correct the observed module V .
, to STC and NOCT. A ratio of V, (corrected) divided by V, (observed) was determined and this ratio was then used to correct the voltage in each currentlvoltage pair. The current in each currenffvoltage pair was adjusted by multiplying the Observed current by 1000 W/m2 and then dividing by the Observed solar irradiance. Correcting current for module temperature was deemed unnecessary. In order to validate the correction factors, 30 I-V curves were generated for one panel under varying temperature and irradiance conditions. Statistical analysis of these data indicated that the original correction factors were still valid. The I-V curve of a module can be described using a five-parameter model developed by Lehman and Chamberlin The five-parameter model was fitted to the corrected NOCT data obtained from each I-V curve run. Values for each of the five parameters in the model were calculated using a customized version of the LabView nonlinear Levenberg-Marquardt algorithm to determine the set of coefficients that best fits the data based on a least squares criterion. PV module degradation was assessed by comparing the newly generated I-V curves and performance parameters to those generated in 1990 when the modules were initially installed.
RESULTS
A mean comparison of the 191 individual module parameter estimates at NOCT is given in Table 2 . The most important result is the decrease in P, , from 39.88 W to 38.13 W. This represents a 4.39% drop in the average maximum power produced by individual modules during the 11 years they have been in operation. There was very little change in V , , indicating that the majority of the power loss in the modules is due to decreased current producing capability as evidenced by the decrease in I,, and Imp By observing the values for V,,,, and I , , , , , one notices that the maximum power point has shifted further down the knee of the I-V curve. Also worth noting are the increase in R, and the decrease in Rp, both of which decrease module performance.
The histogram in Figure 3 , showing the distribution of Pmex at NOCT, indicates that the maximum power has decreased since 1990. The variability in maximum power within the modules has significantly increased as can be seen by the larger range of P , , values.
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Nocl FaQ) The short circuit current, /sc, however, changed considerably between 1990 and 2001 as can be seen in Figure 5 . Overall, most of the modules produce less current today than they did when they were new. A few of the modules actually exhibit a higher short circuit current. This increase in I , , will be explained in the following section. The percent decreases observed in the performance parameters P , , I
, and V , (Table 2) are below the range reported for PV modules that have been in the field for five or more years. Machida. Yamazaki. and Hirasawa 131 investigated the degradation of individual single qstalline PV modules and reported a percent decline in Pmax of 4.8%, in I , of 5.3% and a minimal change in V , after five years of field exposure. The SERC modules had similar levels of degradation after 11 years of field exposure. The lower annual degradation rate of the SERC modules might be attributed to the lower ambient temperatures they are exposed to. throughout the year in their coastal environment. Modules have been reported to degrade faster when subjected to higher ambient and operating temperatures [4] .
A few of the SERC modules actually exhibited a higher lsc compared to when they were initially installed ( Figure  5 ). This was noticed in approximately one-third of the modules that had one of their bypass diodes activated during the I-V curve trace. When a bypass diode activates, two of the three 11-cell strings in the module are bypassed. If the cell that normally limits current production is in one of the two bypassed strings, a different cell will limit current in the remaining 11-cell string. Thus, short circuit current produced by the active string of cells must necessarily be higher than the original I , . if the string containing the cell that normally limited current is removed from the circuit.
Changes in module resistances (Table 2) have also caused a decrease in module performance. The increased series resistance (R, ) causes a greater amount of the generated power to be lost as heat. A decrease in parallel resistance (Rp) indicates an increase in current leakage around the cells. Both phenomena reduce the amount of Current available for useful work.
CONCLUSION
Since initial installation in 1990, the average module in the SERC PV array has decreased in performance. Even though there was little change in the average value of V , the short circuit current ( k ) has on average decreased 6.38% leading to an average 4.39% decrease in P-. The drop in current production by the modules can be attributed in part to the visually observable physical defects including EVA browning, delamination at the Sicell/EVA interface and the occurrence of localized hot spots. The observed percent decrease in performance is considered quite low compared to that-of other field deployed modules. Considering the close proximity of SERC's array to the Pacific Ocean and the corrosive environment in which it exists, the modules are performing remarkably well.
